Empty flushing is the most effective approach to evacuate the deposited sediments in the reservoir. However, emptying reservoir essentially conflicts with its water supply The optimized strategy yields a maximum amount of flushed sediments, while the incremental water shortage is controlled within the acceptable threshold.
Introduction
Empty flushing is the most effective method for removing deposited sediments from reservoirs (Fan and Morris, 1992; Morris and Fan, 1998; Shen, 1999) . This process requires complete drawdown of reservoir storage to allow "inflows to pass through at riverine depths" (Atkinson, 1996) . The drawdown of storage is usually carried out by releasing water 5 through bottom outlets, such as sluiceways. During this process, the accelerated flow near the inlet may partially reactivate and scour out the depositions to generate a flushing cone in the vicinity of the inlet. By completely emptying the reservoir and maintaining the riverine flow condition, retrogressive erosion may be induced from the rim of the flushing cone extending to the upstream to create a flushing channel. The formation of the flushing channel 10 usually leads to hyper sediment concentration of the bottom release and thus effectively recovers partial deposited capacity of the reservoir. This operation has been used to pursue sustainable utilization by many reservoirs worldwide (Atkinson, 1996; White, 2001;  Chaudhry and Habib-ur-rehman, 2012), some examples of which are presented in Table 1 .
The other side to desilting, however, is that draining the storage of a reservoir 15 counteracts its water supply function. Hence empty flushing is generally limited to reservoirs that operate solely for hydropower generation, flood mitigation, or irrigation. These purposes usually do not require reservoir storage during certain periods of the year, during which empty flushing can be implemented without impairing the original design function of the reservoir. However, for reservoirs with municipal or industrial water users that rely on 20 sufficient storage for steady water supply, the implementation of empty flushing is relatively rare.
The conflict between water supply and empty flushing has been addressed by Chang et al. (2003) and Khan and Tingsanchali (2009) However, these previous studies dealt only with single-reservoir. If there are additional reservoirs in the system that can act as backup water sources, it may be possible to elevate the feasibility of empty flushing by reducing its impact on water supply through appropriate joint operation. The ideal operating strategy may require utilizing the reservoir with the most 10 excessive sediment deposition, referred to as the primary reservoir throughout the remainder of this paper, to supply demands while preserving the storage in the other reservoirs before empty flushing. This will lead to a lower water surface level (WSL) in the primary reservoir and a higher WSL in the others. Empty flushing in the primary reservoir can then be activated once favorable conditions are achieved, such as adequate storage distribution 15 among reservoirs to ensure both high sediment flushing efficiency and steady backup water supply.
This study focused on a water resources system that contains multiple reservoirs, among which one primary reservoir requires appropriate empty flushing operation while the others could provide backup storage. The goal is to develop the optimal strategy, which 20 maximizes the efficiency of empty flushing, for such a system. In the following section, key factors influencing the efficiency of sediment flushing as well as the stability of water supply are discussed. The methodology to derive the optimal strategy for joint water supply operation and empty flushing in a multi-reservoir system is then presented. The proposed to August every year. This particular reservoir can remain empty until early July without affecting the subsequent water supply. flushing is most effective with inflow between 400 to 500 m 3 /s, which is 2 to 2.5 times the average inflow (Bruk, 1985; Singh and McConkey-Broeren, 1990 However, if the inflow exceeds the capacities of the outlet works, then the WSL in the reservoir will begin to rise. This leads to decreased flow velocity in the reservoir, which reduces the empty flushing efficiency. Atkinson (1996) suggested 20 the use of the drawdown ratio (DDR) to measure the flushing efficiency. This index is defined as 1 minus the ratio between the depth of WSL during empty flushing and the depth of normal pool level of the reservoir. Atkinson (1996) the maximum depth. In such circumstances, the efficiency of empty flushing is significantly reduced and it is recommended to switch the operation to the regular mode of water supply.
2 Quantitative derivation of the optimal empty flushing strategy
As stated in the introduction section, this study focuses on implementing empty 
No
Perform simulation of empty flushing in the primary reservoir and backup water supply in the other reservoirs.
Estimate the flushed sediment discharge Fig. 1 The procedure to derive the optimal empty flushing strategy
Joint operating rules for a multi-reservoir system
According to Oliveria and Loucks (1997), the rules to jointly operate multiple 5 reservoirs for water supply include the following two phases:
1. Determination of total water supply amount: The total amount of water supply is determined based on the total storage of reservoirs in the system. If the total storage does not suffice, a discount of total water supply may be applied by the system-wide release rule. Fig. 2 presents the joint operating rule curves, a form of the system-wide release rule, reservoirs is below the critical limit, only 80% of the public demand and 50% of the agricultural and industrial demands will be satisfied. When the total storage is between the lower and critical limits, the public demand should be fulfilled and 75% of the agricultural and industrial demands need to be satisfied. When the total storage is between the upper and lower limits, all demands should be fulfilled. In the event that the storage in the measures the total storage in the system, and the two curves represent the suggested target storages for the respective reservoirs with regard to various total storage amounts. These curves vary during each ten-day period within a year to facilitate efficient storage allocation according to the pattern of water demands and reservoir inflow. initial condition for empty flushing.
Conditions for initiation of an empty flushing operation
Water supply simulation of historical daily reservoir inflow records is sequentially performed according to the joint operating rules. During the simulation, empty flushing operation is activated when all of the following conditions are satisfied: 
Estimation of the flushed sediment discharge
Once the activation conditions are met, the gates of the bottom outlets of the primary reservoir are fully opened to empty the storage and route the inflowing water and sediments. 
where QC t and Q t denote the sediment discharge (T/s) and water discharge (m 3 /s) flushed from the primary reservoir during the t-th simulating day, respectively; S f represents the energy slope associated with the flow in the primary reservoir during empty flushing; W is the width of the flushing channel (m), which can be estimated using the empirical formula Atkinson, 1996) , and  is the flushing coefficient, associated with the characteristics of the sediment and topography of the reservoir.
Conditions for termination of empty flushing operation
Empty flushing operations should be terminated if either of the following circumstances 
Evaluation of optimal empty flushing strategies
The storage thresholds for activating and terminating an empty flushing operation as described in subsections 2.2.2 and 2.2.4 are regarded as parameters. These parameters are
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Case study and experimental setup
The joint operating system of the Tsengwen and Wushanto Reservoirs in southern
Taiwan is selected for case study. Reservoir in ten-day increments over a year. As can be seen, inflow to the reservoir generally begins increasing between late May and early June, as precipitation rises during the beginning of the wet season. This is also the period in which the irrigational water demand, which constitutes the majority of total demands, is lower. The first semiannual rice crop is harvested, Reservoir is full, the total storage of the system would still exceed the lower limit of the operating rule curves, such that the demand for water could be satisfied. All of these WSLs are not available currently; therefore, we referred to Atkinson (1996) , who suggested using  = 60 when the capacity of bottom outlets is limited. Atkinson (1996) 
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Hydrol Hydrol Table 5 . The average annual desilting volume and maximum monthly shortage ratio induced by empty flushing are also marked in Fig. 10 . Due to the frequency of drought in this system, the optimal strategy associated with  =0.1 is selected due to its conservativeness. Table 6 displays the simulated events of empty flushing based on this calibrated strategy. 11 and 12 present the hydrographs of inflow to the Tsengwen Reservoir and the total system storage during these two years. As shown in Table 6 and these figures, the Tsengwen 
Validation analysis of the optimal strategies
The optimal strategies in Table 6 are derived by linking the optimization algorithm to to December of these years. Clearly, following the initiation of empty flushing operations in early June of 2010, the monthly water shortage ratio during July is 0.18, which is higher than the 0.12 that would have been the case without empty flushing. The increased shortage ratio is induced by drawdown and empty flushing, which cause the total storage to fall below the critical limit earlier in July. Empty flushing thus necessitates a longer water rationing period. 5 Nonetheless, torrential rains in late July elevate the storage to exceed the lower limit, thereby resolving the shortage crisis. The major impact of water shortage during this period is on the second semiannual irrigation operation, which requires large quantities of water during July.
One of the mitigation measures is to postpone the beginning irrigation schedule no later than will be approximately 166 million NTD, which shows its economic superiority over dredging. 
Conclusions
This study aims to optimize the performance of empty flushing of one primary reservoir within a multi-reservoir system. Prior to empty flushing, the total available storage in a 5 system is allocated from the primary reservoir to the others in order to create favorable initial conditions and prepare backup water supply to be used during empty flushing. The activation and termination conditions of an empty flushing operation are determined according to whether storage in the primary and auxiliary reservoirs satisfy applicable thresholds.
Optimization analysis calibrates these storage thresholds to maximize the desilting volume water supply, it also provides more adequate water to allow recovery and enhanced desilting of existing reservoirs, thus allowing the entire system to advance toward the goal of sustainability.
